Abstract. Despite the fact that the biological function of cluster of differentiation (CD)133 remains unclear, this glycoprotein is currently used in the identification and isolation of tumor-initiating cells from certain malignant tumors, including pancreatic cancer. In the present study, the involvement of mucin 1 (MUC1) in the signaling pathways of a highly tumorigenic CD133 + cellular subpopulation sorted from the pancreatic cancer cell line HPAF-II was evaluated. The expression of MUC1-cytoplasmic domain (MUC1-CD) and oncogenic signaling transducers (epidermal growth factor receptor, protein kinase C delta, glycogen synthase kinase 3 beta and growth factor receptor-bound protein 2), as well as the association between MUC1 and β-catenin, were characterized in HPAF-II CD133 + and CD133 low cell subpopulations and in tumor xenografts generated from these cells. Compared with HPAF CD133 low cells, HPAF-II CD133 + cancer cells exhibited increased tumorigenic potential in immunocompromised mice, which was associated with overexpression of MUC1 and with the accordingly altered expression profile of MUC1-associated signaling partners. Additionally, MUC1-CD/β-catenin interactions were increased both in the HPAF-II CD133 + cell subpopulation and derived tumor xenografts compared with HPAF CD133 low cells. These results suggest that, in comparison with HPAF CD133 low cells, CD133 + cells exhibit higher expression of MUC1, which contributes to their tumorigenic phenotype through increased interaction between MUC1-CD and β-catenin, which in turn modulates oncogenic signaling cascades.
Introduction
The pentaspan membrane glycoprotein prominin-1, also known as cluster of differentiation (CD)133, was initially described as a cell surface antigen specific for hematopoietic stem cells and progenitor cells (1, 2) . The biological function of CD133 remains unclear. However, it is currently used in the identification and isolation of tumor-initiating cells from certain malignant tumors, whereby it correlates with poor prognosis (3) (4) (5) . Tumor-initiating cells, also called cancer stem cells (CSCs), are characterized by their self-renewal capacity and the ability to generate cell subpopulations during tumor growth (6) (7) (8) . Although CD133 is a reasonable marker of various CSCs, several types of cancer arise from cells with different markers (9, 10) .
Pancreatic cancer is the fifth most lethal cancer in developed countries, with a 5-year survival rate of <6% (11) . Early metastasis, late diagnosis and the low effectiveness of the currently available therapies contribute to its high mortality rate (12) . A previous study on pancreatic cancer identified that cells expressing CD44, CD24 and epithelial-specific antigen surface markers were associated with an increase in the tumorigenic and self-renewal capacity of tumor cells isolated from primary tumors or low-passage tumor xenografts (8) . However, these markers do not identify CSCs within all pancreatic tumors, and other studies revealed that the use of CD133 to isolate tumor-initiating cells yielded populations of cells with enhanced tumorigenic potential, high resistance to standard chemotherapy and a close association with metastatic phenotype (7, 13) . In addition, a recent study confirmed that enforced expression of CD133 enhanced the aggressive behavior of pancreatic cancer cells (14) .
MUC1 is a heavily glycosylated transmembrane glycoprotein expressed at low levels in the apical surfaces of epithelial cells (15) . This glycoprotein possesses oncogenic properties, and is overexpressed in >80% of pancreatic tumors, contributing to tumor progression, metastasis and mortality in patients with pancreatic cancer (16) (17) (18) (19) (20) (21) . MUC1-CD is highly conserved, and contains seven tyrosine residues and several serine and threonine residues that represent potential docking sites for proteins with Src homology 2 domains and recognition sites for receptor tyrosine kinases and other kinases, including protein kinase C delta (PKCδ), glycogen synthase kinase 3 beta (GSK3β) and ErbB receptors such as epidermal growth factor receptor (EGFR) (22) . Furthermore, MUC1-CD contains a serine-rich motif that functions as a β-catenin binding site, and the phosphorylation of MUC1-CD modulates this affinity (23) . MUC1-CD/β-catenin interactions enhance the malignant phenotype of tumor cells by regulating the activity of the T-cell factor/lymphoid enhancer factor (TCF/LEF) family of transcription factors, thus modulating the expression of several genes involved in the tumorigenic phenotype, including target genes in the Wnt signaling pathway (24) . Recently, a transmembrane cleaved form of MUC1 has been reported to exert an important role in chemoresistance to standard chemotherapy agents (25) , and to potentially serve as an accurate marker of pluripotency in human embryonic stem cells (26) . The expression of MUC1 in CSCs has been documented by a novel antibody against tumor-associated MUC1 that recognizes a sequence in the tandem repeat region of MUC1, which is different from the sequences recognized by the majority of commercially available antibodies against MUC1 (27) . Based on the reported associations of MUC1 with CSCs, the present study aimed to investigate the potential contribution of MUC1 to the oncogenic signaling pathways of CD133 + pancreatic cancer cells. The results revealed that MUC1/β-catenin interactions are associated with enhanced tumorigenic properties of CD133 + pancreatic cancer cells.
Materials and methods
Cell culture. ) were isolated using a MACS system and microbeads coupled to anti-CD133/1 MAb (Miltenyi Biotec GmbH).
Magnetic separation was performed using the Midi-MACSTM magnetic separation kit (Miltenyi Biotec GmbH), according to the manufacturer's protocol with minor alterations. Briefly, 1x10 8 cells were washed twice with 0.1% PBS and passed through a pre-separation filter (30 µm) in order to remove cell clumps. Subsequently, the cell suspension was incubated with human IgG FcR Blocking Reagent (1:3 in MACS buffer; Miltenyi Biotec, GmbH) and CD133 microbeads (1:5; Miltenyi Biotec, GmbH) for 30 min at 4˚C. Following the incubation step, cells were washed twice with 0.1% PBS, and the pellet was resuspended in 500 µl MACS buffer (PBS supplemented with 0.5% BSA and 2 mM EDTA). The cell suspension was then transferred to an LS column (Milteny Biotec GmbH) previously hydrated with 3 ml buffer, and placed in a magnetic support. The total effluent was collected as the CD133 -fraction, and the column was then washed three times with 3 ml buffer. Next, the column was removed from the magnet and, with the aid of a plunger, 5 ml MACS buffer were used to flush the microbeads-labeled cells out of the column. The effluent was collected as the CD133 + fraction. The CD133 -cell subpopulation was subsequently passed through the LS column, and washed three times with 1 ml MACS buffer to further deplete the remaining CD133 + cells. Both CD133
+ and CD133 -fractions were centrifuged (300 x g; Centrifuge 5810R; Eppendorf, Hamburg, Germany), and the pellets were resuspended in culture medium and maintained at 37˚C in a humidified atmosphere containing 5% CO 2 .
In vivo tumorigenic assay. The present in vivo tumorigenic assay was approved by the Institutional Animal Care and Use Committee of the University of Nebraska Medical Center (Omaha, USA; protocol 98-088-03FC). Three groups of non-obese diabetic/severe combined immunodeficiency (NOD/SCID) mice (n=5/group) were subcutaneously injected in the right dorsal flanks with 3,500 HPAF-II cells [wild-type (wt), CD133 low or CD133 + ]. Mice were bred and maintained under pathogen-free conditions, which included: A 12 h light/12 h dark cycle, 6 AM/6 PM; water bag accessible at all times; Nestlets (Animal Specialties and Provisions, LLC, Quakertown, PA, USA) or NestPaks (WF Fisher and Son, Inc., Somerville, NJ, USA) for enrichment; 18-23˚C with 40-60% humidity; and Standard Chow food, similar to LabDiet 5010 (protein 23%; fat content not less than 4.5%). Animals were observed twice a day by trained veterinary staff and once a day by laboratory staff from the Eppley Institute for Research in Cancer and Allied Disease (Omaha, NE, USA). Mice were euthanized 4 weeks following cell injection, which was the time point when it was necessary to euthanize the first mouse due to the initial signs of suffering. The maximum tumor size achieved was 263.8 mm 3 . Animals were sacrificed with the aid of CO 2 . Following 5 min without signs of heartbeat or respiration, the animals were subjected to cervical dislocation to ensure mortality. Tumors were collected, fixed in 10% formalin (Thermo Fisher Scientific Inc.) and embedded in paraffin (Thermo Fisher Scientific Inc.) prior to sectioning (Shandon™ Finesse™ 325 microtome; Thermo Fisher Scientific Inc.). Growth of internal tumors was evaluated by direct examination (palpation), or by careful observation of animal behavior and estimation of post-procedure pain, discomfort, distress or morbidity. Anesthesia, when required, was induced by intraperitoneal administration of ketamine hydrochloride (100 mg/ml; injectable-RL 3760; NDC-0409-2051-05; Hospira, Inc., Lake Forest, IL, USA) and xylazine hydrochloride (20 mg/ml; injectable-AnaSed NADA; 139-236; Lloyd, Inc., Shenandoah, IA, USA).
Immunohistochemistry (IHC).
Tumor xenografts were paraffin-embedded and sectioned at 4-µm thickness. IHC staining to detect CD133 protein expression in tumor xenografts was performed using the Dako EnVision System (Dako, Glostrup, Denmark). Antigen retrieval was performed in an IHC-Tek™ Epitope Retrieval Steamer Set (IHC World, LLC, Woodstock, MD, USA) for 40 min with 10 mM citrate buffer pH 6.0 (Thermo Fisher Scientific Inc.), following deparaffinization in xylene (Thermo Fisher Scientific Inc.) and rehydration. The slides were cooled for 20 min at room temperature, and endogenous peroxidase was blocked with 3% H 2 O 2 (Merck Millipore, Darmstadt, Germany) for 5 min. Primary antibody incubation was performed for 1 h at room temperature with a mouse anti-human CD133/1 MAb (1:25; clone AC133; Miltenyi Biotech GmbH). Slides were next washed in Tris-buffered saline with Tween 20 (Grisp, Porto, Portugal), and incubated with Dako REAL EnVision-horseradish peroxidase (HRP) secondary antibody (Dako) for 30 min at room temperature. For signal detection, the slides were incubated for 5 min with 3,3'-diaminobenzidine chromogen (Dako). Next, tissues were counterstained with hematoxylin (Richard-Allan Scientific™; Thermo Fisher Scientific Inc.) for 3 min, dehydrated, cleared, mounted with Histomount medium (Richard-Allan Scientific™; Thermo Fisher Scientific Inc.) and cover slipped. Hematoxylin and eosin (Richard-Allan Scientific™; Thermo Fisher Scientific Inc.) staining was performed upon antigen retrieval following a standard protocol (28) . Immunoprecipitation assay. The interaction between MUC1-CD and β-catenin in the HPAF-II cell line was evaluated by immunoprecipitation. Proteins from cell lysates (750 µg) were incubated overnight at 4˚C with protein G-agarose beads (Sigma-Aldrich) previously linked to anti-MUC1 Ab-5 MAb and normal Armenian hamster IgG (eBioscience, Inc., San Diego, CA, USA). Following three washes, the immune complexes were dissociated from the beads with reducing NuPAGE ® buffer (Invitrogen; Thermo Fisher Scientific, Inc.). The immunoprecipitates and cell lysates were separated in 12% Tris-glycine gels (Invitrogen; Thermo Fisher Scientific, Inc.), and immunoblotted following the aforementioned procedure. Table I . In vivo tumorigenic assay. In situ proximity ligation assay (PLA). PLA was used to assess the close proximity (and putative interaction) between MUC1-CD and β-catenin in tumor xenografts. PLAs were performed using Duolink ® In Situ Detection Reagents Brightfield (Olink Bioscience, Uppsala, Sweden), according to the manufacturer's protocol. Antigen retrieval was performed in an IHC-Tek™ Epitope Retrieval Steamer Set for 40 min with 10 mM citrate buffer pH 6.0, following deparaffinization and rehydration. Subsequently, the slides were incubated at 37˚C for 30 min with a blocking solution (Olink Bioscience) in a humidity chamber.
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For β-catenin staining, the mouse primary antibody was used under the same conditions as the ones above described for IHC, and a secondary anti-mouse antibody conjugated with Duolink ® In Situ PLA ® Probe Anti-Mouse MINUS (Olink Bioscience) was added, followed by 1-h incubation at 37˚C in a humidity chamber.
For MUC1 staining, anti-MUC1 Ab-5 primary antibody directly conjugated with DuolinkII Probemarker Plus (Olink Bioscience) was used. The conjugation of the antibody with the probe was performed following the manufacturer's protocol, and hybridization was conducted for 1 h at 37˚C in a humidity chamber. Following the ligation of the probes for 30 min at 37˚C, amplification of the signal was performed for 120 min at 37˚C; both steps occurred in a humidity chamber. To detect the signal, the slides were incubated with HRP-labeled probes and chromogen (catalogue no., DUO92012-30RXN; Olink Bioscience). Subsequently, tissues were counterstained with hematoxylin, dehydrated, cleared and mounted with Histomount medium.
Results

Isolation of a CD133
+ cell subpopulation from the HPAF-II cell line. Low-passage/highly tumorigenic samples of the HPAF-II cell line (10 4 cells produced tumors in 100% of animals; data not shown) were evaluated for CD133 expression levels by flow cytometry. The results indicated that low-passage HPAF-II cells contained ~4% CD133 + cells (Fig. 1A) . These cells were isolated using MACS, and both CD133 + and CD133 -subpopulations were cultured. To evaluate the enrichment obtained with the sorting methodology used, CD133 was again measured by flow cytometry in the above two cell subpopulations prior to injection into immunodeficient mice (Fig. 1B) . The results revealed that the CD133 + subpopulation was highly enriched in CD133 + cells. However, the putative CD133 -subpopulation retained a very low percentage of cells expressing CD133, and was therefore called CD133 low . Repeated selection did not improve the performance of this procedure (data not shown).
The sorted cells were evaluated for tumorigenicity and tumor phenotype. The CD133 + enriched subpopulation exhibited increased tumorigenic potential when injected subcutaneously into NOD/SCID mice, since higher number of tumors were obtained from these cells (Table I) , and tumor growth was initiated at earlier time points (3 weeks), compared with the CD133 low population (Table I ). IHC analysis demonstrated that the xenografts recapitulated the HPAF-II CD133 subpopulation expression levels. Tumors derived from the HPAF-II CD133 + subpopulation retained high CD133 expression levels, with limited negative cells, while the HPAF-II CD133 low xenografts were largely negative for expression of CD133. The parental HPAF-II wt-derived xenografts displayed a small percentage of CD133 + cells, similar to the original cell line (Fig. 1C) .
Expression of MUC1 in the CD133
+ cell subpopulation. In order to evaluate the relevance of MUC1 glycoprotein in CD133 + cell biology, the expression levels of MUC1 were analyzed in CD133 low and CD133 + subpopulations by immunoblotting ( Fig. 2A) . HPAF-II CD133 + cells were highly enriched in MUC1 expression, compared with HPAF-II wt and HPAF-II CD133 low cells. In addition, MUC1 expression levels in the HPAF-II CD133 low cell subpopulation were lower than in HPAF-II wt cells (Fig. 2A) .
Expression of MUC1 signaling partners in CD133
+ cells. MUC1 function in oncogenic pathways depends on the phosphorylation of its CD by several kinases, including EGFR, PKCδ and GSK3β (21). Since it is not possible to assess the phosphorylation status of MUC1-CD due to the unavailability of antibodies sensitive to phosphorylation, the expression of selected kinases in CD133 + cells was evaluated by immunoblot analysis. The results indicated that CD133 + cells were enriched in EGFR and PKCδ expression, whereas CD133 low cells were enriched in GSK3β expression. The protein expression levels of GRB2 were equivalent in HPAF-II wt, HPAF-II CD133 + and HPAF-II CD133 low cells (Fig. 2B ).
MUC1 and β-catenin interaction in the HPAF-II cell line
and tumor xenografts. MUC1-CD contains docking sites for + and HPAF-II CD133 low cells, followed by β-catenin immunoblotting. An enrichment in MUC1/β-catenin interaction was observed in HPAF-II CD133 + cells. β-catenin expression levels were similar in all conditions (Fig. 3A) .
MUC1/β-catenin interactions in tumor xenografts were confirmed by in situ PLA. Significant interactions between MUC1 and β-catenin were observed in HPAF-II wt and HPAF-II CD133 + -derived xenografts, but almost no interactions were observed in HPAF-II CD133 low -derived tumors. The most abundant interactions were observed in the CD133 + tumors (Fig. 3B) . In all cases, the interaction signals were predominantly observed in the nuclei of the cells.
Discussion
In the present study, the involvement of CD133 and MUC1 in the highly tumorigenic low-passage pancreatic cancer cell line HPAF-II, which was derived from the ascites of a pancreatic cancer patient, was investigated (30) . Using a well-established CD133 selection method, an isolated CD133 + cell subpopulation was demonstrated to exhibit features associated with CSCs (enhanced tumorigenicity) and concomitant enriched expression of MUC1.
CSCs are known to aberrantly activate canonical signaling pathways (31) (32) (33) . Recently, a MUC1 spliced form was reported to be associated with the differentiation status of stem cells (34) . In the present study, the expression of MUC1 and oncogenic signaling transducers (EGFR, PKCδ, GSK3β and GRB2), as well as the MUC1/β-catenin association, were characterized in pancreatic cancer cells that expressed CD133. MUC1-CD, EGFR and PKCδ expression levels were increased in the HPAF-II CD133 + subpopulation, while GSK3β expression was decreased, and no significant differences were observed regarding GRB2 and β-catenin expression levels. These results clearly demonstrate that pancreatic HPAF-II CD133 + cells have a distinct expression profile, which includes MUC1 and its associated signaling partners, compared with the subpopulation of cells that do not express the stem cell surface marker CD133.
MUC1-CD contains docking sites for molecules such as β-catenin, and the association of these proteins is modulated by motifs that may be phosphorylated by several kinases, namely EGFR, PKCδ, GSK3β and GRB2 (35) . The phosphorylation of MUC1-CD influences its interaction with β-catenin, which directly binds at the MUC1-CD motif SAGNGGSSLS (22, 23) . In the present study, increased interactions between MUC1-CD and β-catenin were observed in the HPAF-II CD133 + subpopulation, which was correlated with enhanced expression of EGFR and PKCδ, and decreased expression of GSK3β (24, (36) (37) (38) (39) (40) (41) (42) . It is known that MUC1-CD phosphorylation by EGFR and PKCδ promotes interactions between β-catenin and MUC1, while phosphorylation by GSK3β leads to a decrease in this association (39) (40) (41) . It was observed in the present study that EGFR and PKCδ expression were upregulated, while GSK3β expression was downregulated, in the HPAF-II CD133 + subpopulation, compared with the HPAF-II CD133 low subpopulation, which likely explains the observed increase in MUC1-CD/β-catenin interactions in the CD133 + subpopulation, despite the fact that the steady-state levels of β-catenin remained unchanged in these cells.
The interactions between MUC1-CD/β-catenin influence several tumorigenic processes. Binding of MUC1-CD to β-catenin suppresses the capacity of β-catenin to interact with E-cadherin at adherens junctions, resulting in the loss of cell-cell adhesion, thus playing a relevant role in tumor invasion (43) . The MUC1-CD/β-catenin complex contributes to β-catenin stabilization by blocking its GSK3β-mediated phosphorylation and consequently its degradation in the proteasome (24) . Furthermore, MUC1-CD/β-catenin is translocated to the nucleus, where it may enhance the activity of β-catenin in association with TCF/LEF transcription factors, thus promoting cell proliferation and survival through upregulation of the transcription of Wnt target genes (36) (37) (38) 42) . Recently, this process has been associated with a metastatic gene expression signature and an epithelial-to-mesenchymal transition phenotype of tumor cells (44) . In the present study, the results of in situ PLA for tumor xenografts revealed that CD133 + tumors exhibited frequent MUC1-CD/β-catenin interactions, with the MUC1-CD/β-catenin complex being mainly present in the cellular nuclei, where it presumably binds to transcription factors and activates the transcription of genes involved in cell proliferation and survival.
In summary, the present study has demonstrated for the first time that pancreatic CD133 + cells display enhanced expression of MUC1 and its associated signaling partners. CD133 and MUC1 expression are associated with an aggressive tumor phenotype, partly through the production of enhanced MUC1-CD/β-catenin interactions, and this may partly explain the behavior of pancreatic CSCs.
